Gangliosides are ubiquitous plasma membrane components whose structural characteristics make i t possible to establish multiple interactions with the pericellular microenvironment. Several receptorial activities of gangliosides have already been recognized and the possible involvement of gangliosides in growth control, adhesion, differentiation, and immunologic recognition is at present under study. The study of the role of gangliosides in cell growth control has been approached in our laboratory by investigating whether the ganglioside changes found in SV40-transformed BaIb/c3T3 cells (SV3T3 cells) revert to a normal pattern in a variant of SV3T3 cells with growth properties similar to those of normal parental cells, the concanavalin A-selected SV3T3 revertant cells. These latter cells showed the same reduction of the more complex gangliosides as found in SV3T3 cells, while their amount of IIJNeuAC-LacCer ( G M j ) was greatly increased compared to that found i n either normal or transformed 3T3 cells. In order to study the role of gangliosides i n the adhesion process, we analyzed the ganglioside structure of the so-called substrateattached material, a cell surface structure involved in the adhesion of cells to substrate, from cultures of Balb/c3T3, SV3T3, and concanavalin A-selected SV3T3 revertant cells and from cultures of a system of transformed cells with different metastatic potential: the nonmetastatic B77-3T3 and the highly metastatic AA6 cells. Compared to normal cells, all the transformed cells contained smaller quantities of gangliosides in their substrate-attached material.
INTRODUCTION
the ganglioside pattern of virally transformed Cells (22) that the study OfganglioSidessPread from the field O f neurochemistry 10 the oligosaccharide chains extending into the cell's aqueous surrounding. As a result of these structural characteristics, gangliosides may establish multiple interactions with the pericellular environment and thus may be involved in several surface-associated properties. Studies over the past decade have identified gangliosides as receptors for several polypeptide hormones (28, 29, 34) , bacterial toxins (24, 44) , bacterial and viral adhesion factors (17, 30) , interferon (I), and growth factors (4) . Moreover, there are indications that gangliosides are also involved in various complex biologic processes, such as growth control (4, 26, 40) , adhesion (5, 47) , differentiation (21) , and immunologic recognition (21) . This involvement of gangliosides acquires particular significance because these biologic processes are related to tumor cell behavior.
As part of a long-term research program on the role of lipids in surface properties of normal and malignant cells, we are currently focusing our interest on the role of gangliosides in growth control and in cell adhesion. What follows is a progress report on some of our ongoing research work.
EXPERIMENTAL PROCEDURES AND COMMENTS
Studies on the Involvement of Gangliosides in Growth Control. The major evidence that gangliosides are involved in growth control comes from the observation that transformation in various types of cells is associated with the reduction of the more complex gangliosides (3, 20, 48 ). Yet, the issue of whether ganglioside alteration represents a primary phenomenon related to the loss of growth control or is a secondary change is still unsettled. In order to gain insight into this problem, we compared the ganglioside structure of the concanavalin A-selected SV3T3 revertant cells (13) with that of the Balb/c3T3 cells and of their SV40 transformants (SV3T3 cells). The concanavalin A-selected SV3T3 revertant cells (SV3T3 rev cells) are one of the several variants of transformed cells, the so-called revertant cells, which share many biologic characteristics, including growth properties (11, 13, 14, 35, 36) , with normal parental cells; therefore, the partial or total reversion in these cells of the biochemical changes associated with transformation serves as an indicator of which of these changes are correlated with the transformed phenotype (11, 13-15, 32, 37, 41) .
As can be seen in Table I , the Balb/c3T3 cells showed a complex ganglioside pattern Gangliosides were separated from total lipid extracts and fractionated by thin layer chromatography into individual classes which were identified by their oligosaccharide chain compositions (33) . See Ref. 25 for clarification of abbreviations.
Ganglioside-glucose was determined by t h e quantitative gas chromatographic analysis of t h e methylglucosides derived from individual gangliosides using inositol as internal standard (33) .
characterized by large amounts of high homologs, mainly GDla ganglioside. The deletion of the high ganglioside homologs in the SV3T3 cells is in agreement with the simplification of the ganglioside structure reported in different types of transformed cells (3, 20, 48) . The SV3T3 rev cells, while revealing the same reduction of the more complex gangliosides as observed in SV3T3 cells, were found to contain a much higher amount of Ghf3 than that found in both Balb/c3T3 and SV3T3 cells. This marked increase of Ghf3, which parallels the normal growth properties in the SV3T3 rev cells, may point to a role for Gh13 in growth control. This observation is supported by the finding that in a system of cells transformed by temperature-sensitive mutants of oncogenic viruses, Gh13 was the only ganglioside returning to normal high levels once the cells regained their normal phenotype following exposure to a nonpermissive temperature (23) . Moreover, baby hamster kidney cells enriched exogenously by G h f 3 become less sensitive to the fibroblast growth factor, indicating a possible regulatory activity of Gh13 on the receptors for growth factors (4) .
Studies on the Involvement of Gangliosides in Cell Adhesion. Although information has been accumulating that intercellular adhesion (18) and adhesion to a substrate (19) imply the binding of specific molecules, our knowledge of the precise molecular basis of the adhesion process is still fragmentary. Our understanding of the adhesion process has been advanced by the identification and chemical characterization of the so-called subs t ra t e-a t t ached ma terial, which remains tightly bound to the substrate when cultured cells are removed by the use of the Ca2+specific chelator [ethylenebis(oxyethyl-enenitri1o)ltetraacetic acid (EGTA) (43) . There is morphologic evidence that, as a result of the cytoskeletal disorganization induced by the EGTA-mediated Ca2+ chelation, the cell body rounds up and pulls away from the footpad adhesion sites through which cells are anchored to the serum-coated tissue culture substrate. Shearing forces generated by shakingand pipettingof the cultures break the retraction fibers which connect the cell body to footpad adhesion sites, leaving these latter firmly bound to the substrate while the cells are released into suspension (39) .
The chemical characterization of the subs t ra te-a t tached material has progressed rapidly in the last few years, thanks mainly to the contributions from Culp's laboratory (0, 12, 38, 43) . Several components of the substrate-attached material have been identified, including cytoskeletal fibroproteins (12) , fibronectin (12) , glycosaminoglycans (38, 43), and phospholipid molecules (9) . There is also substantial information on the changes occurring in substrate-attached material components following malignant transformation (9, 12, 38, 43) .
Despite the fact that gangliosides are known to be altered in transformed cells and the suggestion that gangliosides may play a role in the adhesion process due to their molecular characteristics, research on the gangliosides of the substrate-attached material of both normal and malignant cells is at its very beginning (5) . Therefore, we compared the ganglioside structure of the substrate-attached material with that of the EGTA-detached cells from cultures of Balb/ c3T3, SV3T3, and SV3T3 rev cells. We also analyzed the substrate-attached material gangliosides of transformed cells with differe n t m e t as t a t i c potent i a1 : the nonm e t as t a t i c B77-3T3 cells (Balb/c3T3 cells transformed by the B77 strain of the Rous sarcoma virus) and the highly metastatic AAG cells, a variant of B77-3T3 cells isolated by selection in hard agar (16) .
As shown in Table 11 , the amounts of total *Cells were cultivzed in 150-mm glass Petri dishes under the con41 lions described in a previous paper (40) . When cultures were 90% confluent, that is 3-4 days after seeding, the cell layers were rinsed twice with phosphate-buffered saline and incubated with 0.5 mM EGTA for 30 min at 37'C during which time the dishes were gently shaken. When all the cells were delached, the cell-free tissue culture dishes were thoroughly rinsed with phosphate-buffered saline and then soaked in 20 ml of a chloroform/methanol, 2:l. miature in order to extract total lipids from the substrate-attached material. The lipids of the ECTA-detached cells were extracted as described previously (33) .
Phospholipids were evaluated by the colorimetric determination of phospholipid-phosphorus (31).
' Cholesterol was assayed by quantitative gas-liquid chromatography using coprostanol as internal standard.
Cangliosides were determined radiometrically. They were radiolabeled by growing the cells in media containing l.OrCi/ml Of ['H]galactOSe added 24 hr after seeding.
Cholesterol/phospholipid molar ratio.
cellular gangliosides deposited in the substrate-attached material were much higher in the cultures of Balb/c3T3 than in the cultures of SV3T3, SV3T3 rev, B77-3T3, and AA6 cells. The phospholipids and cholesterol associated with the substrate-attached material were also reduced in the transformed cells compared to Balb/c3T3 cells. It is worth noting that the cholesterol/phospholipids molar ratios in the substrate-attached material of Balb/c3T3, SV3T3, and SV3T3 rev cells were similar to those reported in the plasma membranes of this cell system (40) . Furthermore, the values of the cholesterol/phospholipids molar ratios in the substrate-attached material of B77-3T3 and AAG cell cultures, as compared to those in EGTA-detached cells (0.187 and 0.240, respectively), were also reminiscent of the ratios generally found in plasma membranes of in vitro cultured cells (45) . These findings appear to support the claim that plasma membrane vesicles contribute to the substrate-attached material (39) . Table  II . CM1, I13NeuAc-GgOse4Cer. cell lines. As shown above, this decrease was accompanied by an increase of G h l 3 in SV3T3 and SV3T3 rev cells; in B77-3T3 and AA6 cells, instead, it was associated with an increase of I13NeuAc-GgOse3Cer (G,,12 ). In the substrate-attached material of the Balb/c3T3 cell cultures, the ganglioside composition resembled that found in the corresponding cell fraction. A coaparable pattern of substrate-attached material gangliosides, that is a rather high level of G D~~ and a relatively low level of Gh13, was found in the SV3T3, SV3T3 rev cell cultures, and in B77-3T3 cell cultures, which seems to imply that the distribution of gangliosides in the substratc-attached material is relatively constant and also relatively independent of that in the'ceII body. This suggestion is not applicable to AAG cell cultures since these showed very low percentages of GI)ta and high percentages of G h f z in both substrate-attached material and EGTA-detached celIs.
FIG. l-Ganglioside composition of ECTA-detached cells (Cells) and substrate-attached material (SAM) from Balb/c3T3 (3T3), SV3T3, concanavalin A-selected SV3T3 revertant (REV) cells, and from B77-3T3 and AA6 cells. Percentages of the gangliosides were calculated by the radiometric measurements of the radiolabeled gangliosides fractionated by thin layer chromatography. Cangliosides were radiolabeled as described in
Since plasma membrane fragments seem to contribute to the formation of the substrateattached material (39) , we wanted to verify to what extent the ganglioside structure of the subst ra t e-a t tached material resembles that of plasma membranes. Using the Balb/ c3T3, SV3T3, and SV3T3 rev cell system, we compared the ganglioside composition of the EGTA-detached cells, of isolated plasma membranes (8) , and of the substrate-attached material (Fig. 2 ). In all of the cell lines examined, the ganglioside profiles of the isolated plasma membranes resembled those of the EGTA-detached cells rather than those of the substrate-attached material. In fact, the substrate-attached material gangliosides contained much higher levels of G D l a than did gangliosides of plasma membranes and EGTA-detached cells. Therefore, if the plasma membrane fragments contributing to the substrate-attached material (39) influence its ganglioside structure, then these fragments must have a specific ganglioside composition.
The results obtained so far all indicate a specific structure of the ganglioside contained in the substrate-attached material. To confirm this observation, we studied the ganglioside structure of the substrate-attached material from cultures of a line of neuroblastoma (2) following exposure to chelating agents. Such agents are known to modify drastically the composition of cellular gangliosides, possibly by interfering with glycosyltransferases (6) . As shown in Table 111 , growth in the presence of chelating agents reduced the content of GI)la of the EGTAdetached cells, but hardly affected the G I I I~ level of the substrate-attached material, which further supports the observation that the substrate-attached material gangliosides are relatively independent of cellular gangliosides. Percentages of the indicated ganglosides were calculated as reported Cultures were exposed for 72 hr to media containing 1.45 mM EGTA in Figure 1 . + 0.40 r n~ EDTA.
CONCLUSION
The following conclusions can be drawn from the results of the present investigation: 1) the behavior of GM3 in concanavalin Aselected SV3T3 revertant cells runs counter to the generalization that the more complex gangliosides are involved in the regulation of cell growth and points to a possible role for SV3T3 revertant (REV) cells. Percentages of the gangliosides were calculated as reported in Figure  1 . CMI, II'NeuAc-GgOse4Cer. this simple ganglioside in growth control; 2) the characteristically high GDra level found in the substrate-attached material of normal and transformed cells implies that this complex ganglioside plays a part in the adhesion process. This latter observation is in accord with the finding that cells adapted to growing in suspension reduce their level of G D l a (lo).
Moreover, the higher ganglioside homologs, including GDlar have been shown to interact with fibronectin, a macromolecule involved in cell adhesion (27, 46) . The lack of a high G D l a level in the substrate-attached material of the highly metastatic AA6 cells further suggests a possible role for GDla in cell adhesion, in view of the fact that metastatic potential reflects changes in the adhesion process (7, 19, 42) .
